mutations by SIAFE and directed evolution. Meanwhile, the amino acid sequence identity of evMBL8 with IMP-1 (25%) was almost double that of GlyII with IMP-1 (13%). As expected from the design strategy, more than 60% (49 amino acids) of mutations were concentrated in the catalytic and substrate-binding regions. In addition, many originally designed conserved residues in functional loops were changed during evolution. Nonetheless, the residues responsible for metal coordination (H66, H68, and H131 for metal 1; D70, C155, and H194 for metal 2) were not changed despite extensive mutagenesis. Replacement of any of these residues in evMBL8 with Ala resulted in loss of catalytic activity (19). Mutations C71H and C155D, which were attempts to restore GlyII-like metal coordination (H59 and D134) in evMBL8, also resulted in complete loss of catalytic activity (19). Thus, as evMBL8 evolved to have b-lactamase activity, it retained the designed metal coordination of IMP-1 that is essential for catalysis.
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To further confirm the evolution of blactamase activity from the GlyII scaffold, evMBL8 was characterized in terms of in vivo biological activity, kinetic constants, and metal content. When E. coli cells expressing the evMBL8 were grown in liquid medium, distinct cell growth was observed up to cefotaxime concentrations of 1.0 mg/ml (Fig. 4A) . A further increase in cefotaxime concentration (92.0 mg/ml) caused a serious inhibition of cell growth due to cell lysis. On the other hand, cells expressing GlyII showed growth inhibition even at cefotaxime concentrations of 0.02 mg/ml. To study enzyme kinetics, evMBL8 was expressed as a fusion with maltose-binding protein (MBP) to improve stability ( fig. S4 ). evMBL8 exhibited a typical saturation profile for cefotaxime, and k cat app and K m app were calculated to be 0.042 s j1 and 229 mM, respectively, from the reciprocal plot ( Fig. 4B and Table 1) . These values are lower by a factor of 150 and higher by a factor of 30 than the k cat and K m values of wildtype IMP-1, respectively, with the difference in K m providing evidence against contamination by IMP-1 in conjunction with their relative activities for various substrates (table S2) . Consequently, overall catalytic efficiency (k cat /K m ) app of evMBL8 for cefotaxime was estimated to be 1.8 Â 10 2 M j1 s j1 , which is about 3 to 4 orders of magnitude lower than that of wild-type IMP-1. Nonetheless, evMBL8 was active enough to provide E. coli cells a resistance against cefotaxime that is higher by a factor of 100 compared with cells having no evMBL8 (Fig.  4A ). To check whether evMBL8 was still able to bind metal ions in its fused form with MBP, the total metal content of the enzyme was measured. Mutation H59C of GlyII was reported to cause a loss of zinc while maintaining iron content at a normal level, which suggests that H59C severely impaired the metalbinding site for zinc (15) . However, evMBL8 with mutation H59C was found to bind both zinc (1.6 mol) and iron (0.4 mol) essential for hydrolytic reaction at levels comparable to GlyII (Table 1) . It is likely that the disruption of metal coordination was reversed by other mutations during the directed evolution process.
Molecular modeling of evMBL8 with either an MBL family member (CcrA) or GlyII as the template gave an evMBL8 structure that is similar to that of the target IMP-1 ( fig. S5A ) but shows a distinct active site architecture compared with the template GlyII ( fig. S5B) . The model of the evMBL8-cefotaximne complex shows well-organized metal coordination (H66, H68, and H131 for metal 1; D70, C155, and H194 for metal 2) at the bottom of the active site ( fig. S5C ), which is consistent with the mutation study on putative metal ligands described above. Within the active site, loop 2 (T38-L48) and loop 6 (F156-P168) constitute two walls of the substrate-binding pocket, and loop 1 (T10-G22) forms the ceiling. Thus, we suggest that evMBL8 has acquired a new active site architecture with well-defined metal coordination and a substrate-binding pocket for new catalytic activity through the SIAFE and directed evolution process.
The design strategy presented here enabled the conversion of an enzyme in the metallohydrolase superfamily into a new family member with a different catalytic function, providing experimental support for the divergent evolution of mechanistically diverse family enzymes. We hope that the developed process can be extended to other scaffolds and create a larger variety of catalytic lineages performing diverse reactions and perhaps even reactions not found in nature. 16 Directly transmitted parasites often provide substantial information about the temporal and spatial characteristics of host-to-host contact. Here, we demonstrate that a fast-evolving virus (feline immunodeficiency virus, FIV) can reveal details of the contemporary population structure and recent demographic history of its natural wildlife host (Puma concolor) that were not apparent from host genetic data and would be impossible to obtain by other means. We suggest that rapidly evolving pathogens may provide a complementary tool for studying population dynamics of their hosts in ''shallow'' time.
T he genetic population structure of human pathogens often reflects known patterns of human migration (1-4) . Moreover, the rapid evolutionary rate of many viral parasites means that this information can manifest itself over months or years (5 (6) (7) (8) . Especially because of their high temporal resolution, viruses hold great potential as genetic tags of their hosts. Yet, this exciting potential remains largely unexplored for the study of wildlife populations where such an approach could be used to address questions in numerous disciplines, ranging from epidemiology to conservation.
Many wild feline species are natural hosts to species-specific types of feline immunodeficiency virus (FIV), analogous to simian immunodeficiency viruses (SIVs) in wild primates (9, 10) . Cougars (Puma concolor), a large New World feline species, are commonly infected by their own type of FIV (FIV Pco ) (11, 12) , apparently without suffering major fitness consequences (13) . Transmission, which requires direct contact between individuals, occurs vertically and horizontally (14) and causes persistent infections. Exchange of virus with other cat species in the wild either does not occur or must be extremely rare (10) . Importantly, FIV Pco measurably evolves within years (14) and thus has the potential to be informative about virus and host dynamics over extremely short periods.
As in most parts of North America, cougar populations in the northern Rocky Mountains underwent drastic declines during the early 20th century as a consequence of human persecution and depleted prey populations (15, 16) . In Montana, for example, the number of cougar carcasses annually submitted for bounty payments plummeted between 1908 and 1929 from more than 170 to zero and stayed extremely low for decades thereafter despite the bounty incentive remaining in place (17) (Fig. 1A) . Populations in neighboring states and provinces apparently experienced a similar fate (16) . More recently, cougar populations throughout the region have shown signs of recovery following legislation that limits the take of both cougars and their ungulate prey (15) (Fig. 1A) . This strong demographic signal of decline followed by rapid growth offered a unique opportunity to test whether the dynamic history of cougars in Montana in the recent past could be discerned from the genetic structure of its obligate viral parasite.
We collected samples from 352 cougars across western Montana, as well as adjacent areas EWyoming, British Columbia, and Alberta (18); table S1, Fig. 2A) , and conducted genetic analysis of 11 host microsatellite loci using different individual-based methods Ei.e., without relying on predefined populations (18)^. Despite samples being collected over distances exceeding 1000 km, results revealed little population structure. Although a southern and northern group could be distinguished, both overlapped substantially, indicating genetic admixture ( fig.  S2 ). This result was confirmed by a weak but significant isolation-by-distance pattern of cougar relatedness (18) . Low genetic differentiation has also been noted among cougar populations in neighboring areas (19, 20) . Evidently, low population densities in the recent past, possibly associated with reduced movement, have not resulted in pronounced genetic structure for cougars in the northern Rocky Mountains.
More than one-quarter of the cougars we sampled were infected with FIV Pco (98 or 28%; Fig. 2A , table S1), consistent with prevalence levels found in previous studies (11, 14) . Phylogenetic analysis based on combined sequence data (È1400 base pairs) from two viral genes identified two major virus clades with 920% divergence. Within clades, a total of eight FIV Pco lineages (L1 to L8) could be distinguished that were up to 5% divergent and had high bootstrap and/or posterior support (Fig. 2B ). Seven cougars yielded sequences of more than one lineage, indicative of coinfection or potentially circulating recombinants (18) .
Consistent with cougar host genetics, FIV lineages fell into a northern (L1 to L4) and a southern group (L5 to L8) ( Fig. 2A) . However, in contrast to host genetics, spatial structure of viral populations was much more pronounced. All lineages exhibited more or less contiguous ranges, and these ranges were often spatially exclusive ( Fig. 2A ) such as for northern (L1 to L4) versus southern lineages (L5 to L8). Furthermore, individual lineages were restricted to smaller geographic areas. For example, L1 dominated the central part of our study area, whereas L3, L4, L5, and L8 were found only in small areas at the periphery. Lineage L2 was exceptional in that it co-occurred with all other lineages even though it was found only in 14% of infected cougars. All seven individuals yielding virus sequences from more than one lineage were found where ranges of these lineages overlapped ( Fig. 2A) .
The lack of spatial admixture of most virus lineages was clearly at odds with the microsatellite results because high levels of cougar movement should tend to quickly randomize virus distributions. Therefore, we hypothesized that the current virus pattern may be a direct consequence of previously low cougar population sizes and thus a rather recent, and potentially transient, phenomenon. To determine how long ago the most recent common ancestor (MRCA) of each of the FIV lineages had existed, we estimated evolutionary rates for the two FIV Pco genes, pol and env, on the basis of temporally spaced sampling of cougars. Both genes were found to evolve at a rate of about 4 Â 10 j4 per site per year E pol: 2.9 (95% highest posterior density interval, HPD: 1.2 to 4.8) Â 10 j4 ; env: 4.0 (HPD: 1.6 to 6.3) Â 10 j4^, slightly lower than but generally consistent with previous estimates from a different cougar data set (14) .
On the basis of the estimated rate, diversification of all eight viral lineages had occurred within the last 20 to 80 years ( Fig. 3 ). Because this interval coincides with the period of low cougar densities (Fig. 1A) , it seems likely that the FIV Pco lineages currently found are survivors of a demographic bottleneck that must have resulted in frequent local extinction and severe spatial restriction of lineages. Moreover, the time elapsed since the MRCA was posi- tively correlated with the distribution of virus lineages, in that samples of more recently diverged lineages exhibited smaller maximum geographic distances (P 0 0.012) (Fig. 3A) . This suggests that, concurrent with cougar population recovery, surviving lineages have consistently expanded their range. This scenario of spatial expansion was supported by a separate analysis in which the geographic distance between the sampled viruses and their inferred ancestors was regressed against the corresponding time separating the sample from the origin of its lineage. This regression of geographic distances against times revealed an estimated mean viral diffusion rate of 3.7 km per year (Fig. 3B) . Interestingly, the recovery of cougar populations in Alberta is thought to have started earlier than it did further south, possibly during the 1930s (21) . This may explain the particularly wide distribution of lineage L2, which is the dominant type in Alberta today and which may have benefited, in terms of spread, from the earlier expansion of cougars in that area ( Fig. 2A) .
If the population dynamics of cougars had affected the current spatial distribution of FIV Pco , it should also have had a discernable effect on virus demography. We estimated changes in the effective number of infections through time from the distribution of coalescent events in the genealogy using a Bayesian skyline plot (22) . Results support an exponential increase in the absolute number of infections after 1980, i.e., during the demographic recovery of cougars in Montana (Fig. 1B) . The maximum number of infections, as well as indexes of cougar abundance, was reached during the late 1990s (Fig. 1, A and B) . Although this result fits expectations in terms of correlated demographic trends for both cougars and virus, evidence of a decline in infections before 1950 was weak (Fig. 1B) . We suspect that this inability to detect a signature of decline during the early 20th century was due to the scarcity of coalescent events (and hence data points) in our phylogeny for this time period.
In principle, an increase in FIV Pco infections could reflect elevated prevalence rather than changes in host population size; however, we believe that this alone is unlikely to explain the observed trend. For example, data collected from cougars in and around Yellowstone National Park between 1990 and show that the proportion of infected individuals remained relatively stable (È20%) throughout this period (13) . It is important to stress, however, that our results only allow us to infer a simultaneous increase in virus and cougar host qualitatively, because reliable estimates of cougar population sizes do not exist and the proportion of infected hosts through time ultimately remains unknown.
In conclusion, we have shown that FIV Pco genetics are highly informative about the recent history of its cougar host, whereas the same information was either not apparent or could not have been inferred from host genetic data. Given that lineages appear to be spatially expanding, we predict that the fine-scale spatial structure currently characterizing FIV Pco will likely disappear in the near future, assuming cougar population sizes and movement remain sufficiently high. Maintaining functional populations and natural levels of gene flow remain important priorities for the conservation of wildlife populations. Monitoring the distribution and diversity of FIV Pco in cougars may therefore represent a future tool for wildlife managers to ensure that these goals are met.
More generally, rapid evolutionary rates and host specificity are traits not limited to FIV Pco but are typical of many parasites. Although our knowledge of parasite diversity in nondomestic species is still limited, the approaches described here should be applicable to a wide range of species and systems (23) , provided that the ecology of interaction between parasite and host is sufficiently well understood. Natural ecosystems and populations are currently undergoing changes at unprecedented rates owing to human activities. Molecular markers with an equally short temporal resolution will be of increasing value to researchers trying to understand and mitigate these changes. This PDF file includes:
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Materials and Methods
Cougar sampling and DNA extraction
We extracted DNA from blood or tissue samples (lymph nodes or salivary glands) from 352 cougars, caught for other research purposes or killed by hunters (Supporting Table   S1 ). Fresh blood samples were taken from live animals and small quantities of blood on
Isocode filter paper (Schleicher and Schuell, Keene, NH), lymph nodes, or salivary glands were collected from cougar carcasses. Precise sampling location was recorded for all live-caught and most hunter-killed individuals; for the remaining cases the center point of the hunting district of origin was taken as the sampling location. DNA extraction from blood or tissue was done according to standard protocols (e.g. S1). For extraction from Isocode filter paper, the entire bloodstained area was cut out with a razorblade (discarded after use), cut into smaller pieces, and transferred to a 1.5 ml Eppendorf tube.
After immersing the pieces completely in water, the tube was put at 95°C for 1h, pulse- 
Generation of FIV Pco sequence data
All PCR reactions were set up in a room that was kept free of plasmids and PCR products. No more than four samples were handled at any given time and, after initial genotype determination, genetically distinct samples (e.g. different lineages) were chosen wherever possible for such sets of four, so that potential cross-contamination would become readily apparent.
Initial detection of FIV was based on amplification of the polymerase (pol) gene, using primers Pcp8R (5' GAG TTG CCC AAT TAA TCT TTC CTA 3') and Pcp11F (5'
ACA CGA CCC CGA GTT GAG GC 3') followed by Pcp5F (5' AGA TTA GAA AAA GAA GGG AAA GTA G 3') and Pcp6R (5'AGT TCA TAC CCC ATC CAT TTA 3').
Samples were set up as 3-8 replicates in 50ml reactions that contained 0.2 mM dNTPs, 2mM MgCl, 1mM of each primer, 1.25 U Taq and on average 500-1000 ng DNA (smaller amounts from filter paper samples and up to 2500 ng for tissues other than blood). Second rounds used 40ml reactions with reagents as 1st round except for 1.5mM
MgCl and 1.5 ml 1st round template. Samples that were negative after two rounds were also tested in a third round (reagents as in 2nd round) using primers 2581F (5' AAA TCA GGA AAA TGG AGA A 3') and 3012R (5' CTG TGG TGG GGA TTT GAA ACT 3').
If amplification was successful at 3rd round, the original sample was revisited and the protocol repeated using additional replicates. Samples were only considered positive if FIV detection was repeatable.
For verified positive individuals, amplification of env was conducted with primers PcEn4R (5' TGT TTC AAA TCC CCA CCA 3') and PcEn5F (5' AGA TTA GAA AAA GAA GGG AAA GTA G 3') followed by PcEn2R (5' CGT GGT GCC AGT GGT TGC TC 3') and PcEn3F (5' TGG AAT AGG ACA AAT GAG ACA GA 3') using the above described protocol. If amplification was unsuccessful after two rounds, primers 7406F (5' CCG TGG GGT GGA AGT AGA T 3') and 8115R (5' GTG CCA GTG GTT GCT CCT ATC A 3') were used in a third round. PCR regimes were the same for both genes. PCR products (pol: 399-538 bp, env: 678-885bp) were either cloned using PCR4
vector (Invitrogen, Inc., San Diego, Calif.) or used for direct sequencing. These two sequence-generating approaches were deemed equivalent since previous work had shown that for both pol and env, viral diversity within hosts based on cloned sequences was low (usually <1%)( S7). Further, we found in this study that sequences obtained with both approaches for six individuals were 99.6-100.0% identical, corroborating that sequences generated in either way well characterize the virus infecting an individual.
Preliminary examination revealed that sequences clustered in distinct lineages and that for all but seven individuals, phylogenetic clustering of pol and env sequences from the same infected individual was consistent in respect to these groups. For these seven cougars, including one previously reported to be co-infected (S8), sequences fell into different lineages. The presence of two lineages was either found for the same gene (n=4), suggestive of co-infection, or for different genes (n=3), potentially the result of recombination. Because we could not distinguish conclusively between these two possibilities and to avoid potential complications arising in the subsequent analysis, all sequences from these individuals were removed from the data set. Geographic distribution patterns of virus lineages remained largely unchanged by the omission of these viruses (see Fig. 2a in the main text). Although we cannot rule out recombination in our final data, we believe that this is negligible because (i) we would have likely noticed recombination among lineages and (ii) recombination within lineages would have had very little effect given low (<5%) within lineage divergence.
For six individuals only pol, but not env, could be amplified. Five of the six cases were samples from filter paper but involved various lineages suggesting that insufficient DNA quality for amplification of longer fragments, rather than primer mismatch, was generally responsible for a failure to amplify env.
Phylogenetic analysis
A single sequence for either gene was included in the data set for each individual (randomly chosen where more than one sequence had been obtained). Excluding the individuals for which only pol could be amplified, data sets from both viral genes were then combined (n=85). A partition homogeneity test ( S9) with 1000 replicates in PAUP* v4.0b10 ( S10) did not reject the null hypothesis of homogeneity between the two genes (p=0.146), thus the concatenated data (1423 bp) were used in all further analyses.
An appropriate model of molecular evolution (GTR+ I + G) was found ( S11) Although the Bayesian skyline plot technically estimates effective population size, we interpret our estimate as the effective number of infections ( S14) since changes in virus population size at the host population level (rather than the level of the infected individual) will be most affected by the number of infection events, each of which represents a bottleneck event in which very few viruses are transmitted (15) .
Comparative phylogenetic analysis
We used a comparative method termed phylogenetic generalized least squares (PGLS; see S16), implemented in COMPARE 4.6 (S17) to test for evidence of viral spatial diffusion. All calculations were based on the maximum a posteriori (MAP) tree, i.e. the tree associated with the highest posterior likelihood, identified in the previous Bayesian analysis in BEAST 
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Test for genetic population structure in cougars using individual-based methods
Without using information about the origin of individuals, microsatellite data were examined for evidence of population subdivision using a Bayesian approach implemented in program Structure (S18). To determine the number of distinguishable population clusters (K) in the data, 5 independent runs were conducted for K =1-10. Runs assumed admixture and correlated allele frequencies and used a Markov Chain Monte Carlo and a burn-in period of 500,000. Plotting averages across runs we found that Pr(data | K)
reached a plateau for values of K between 2 and 8, with a peak at K=5 (Fig. S1 ). Using simulated data, Evanno et al. (S19) recently showed that the highest Pr (data | K) does not reliably identify the true number of clusters but that the uppermost hierarchical level of structure can usually be found based on the second order rate of change for K (∆K), which in our case showed an unambiguous maximum at K=2 (Fig. S1 ).
The distribution of individuals assigned to each of the two clusters revealed that the two identified clusters in fact represent the end points of a genetic continuum (Fig.   S2a ). Only cougars in the northwest and extreme south and east of our study area could be consistently assigned to one particular genetic cluster, whereas individuals in a broad transition zone in between were assigned to either one in roughly equal proportions.
Thus, the pattern is consistent with isolation by distance but otherwise does not suggest major disruptions in the genetic continuity of cougars throughout our study area. 
